Background: Children with fetal alcohol spectrum disorder (FASD), who were exposed to alcohol in utero, display a broad range of sensory, cognitive, and behavioral deficits, which are broadly theorized to be rooted in altered brain function and structure. Based on the role of neural oscillations in multisensory integration from past studies, we hypothesized that adolescents with FASD would show a decrease in oscillatory power during event-related gamma oscillatory activity (30 to 100 Hz), when compared to typically developing healthy controls (HC), and that such decrease in oscillatory power would predict behavioral performance.
A LCOHOL IS AN established teratogen that impacts the developing brain. Prenatal alcohol exposure (PAE) is the leading cause of preventable birth defects, developmental delay, and neurodevelopmental disorders (Committee on Substance Abuse and Committee on Children with Disabilities, 2000; Manning and Hoyme, 2007) . PAE can lead to the cognitive and behavioral effects associated with fetal alcohol spectrum disorder (FASD) (Kodituwakku et al., 2011; Riley and McGee, 2005; Stratton et al., 1996) . Preclinical studies indicate that even 1 to 2 drinks per week in the second or third trimester can lead to detrimental developmental effects (Manning and Hoyme, 2007) , while others state there is no safe quantity of alcohol consumption during pregnancy (Williams and Smith, 2015) . Recent estimates placing the prevalence of FASD in the United States between 2.4 and 4.8% (May et al., 2014) underline the need to gain a better understanding of the neurophysiological deficits caused by PAE to better guide treatment. Ikonomidou and colleagues (2000) determined that PAE induces an apoptotic neurodegenerative reaction that deletes a large number of neurons from several developing brain regions, which may contribute to neurobehavioral impairments like poor sensory processing. Consistent with this finding, nonhuman primates with PAE exhibit decrements in response to touch and reduced orientation to auditory stimuli (Coe et al., 2010; Schneider et al., 2008) . Rats with PAE also demonstrate altered response to tactile stimuli in social situations (Lawrence et al., 2008) . Finally, children with FASD demonstrate behavioral patterns of sensory overresponsivity to tactile, auditory, and visual stimuli, as well as patterns of sensory underresponsivity, sensation-seeking behaviors, and poor auditory filtering Jirikowic et al., 2008; Stephen et al., 2012 Stephen et al., , 2013 . Sensory processing is vital to development, and necessary for individuals to interact appropriately with the environment (Schaaf and Miller, 2005) . When taken together, these results provide evidence of sensory deficits from PAE and suggest that unisensory processing deficits may translate to multisensory processing.
Despite the large representation of unisensory studies in the literature, our environment rarely presents us with unisensory information. More often we encounter multisensory information through a variety of complex sights, sounds, and tactile stimuli, which must be interpreted efficiently (Driver and Spence, 2000) . To optimize performance and responsiveness to relevant stimuli, our brain synthesizes information from multiple sensory modalities (multisensory perception) to generate a coherent percept and facilitate interpretation of ongoing events. The interpretation of multisensory events is accomplished through amplifying the response to sensory inputs that are both temporally synchronous and spatially congruent (Koelewijn et al., 2010; Murray et al., 2005) . Multisensory processing fundamentally depends on high-fidelity structural connectivity between cortical areas to integrate information from multiple sensory modalities. For example, the strength of the multisensory response was found to be directly correlated with the fractional anisotropy measures between posterior brain regions during an auditory/visual multisensory task (Kaposv ari et al., 2015) . A review of diffusion tensor imaging studies of individuals with FASD demonstrates widespread abnormalities in structural connectivity both within and between cerebral hemispheres, for example, the corpus callosum (CC) (Wozniak and Muetzel, 2011) . The CC is a structure that connects corresponding regions in the right and left hemisphere, and research has shown that individuals with FASD have significant alterations in CC shape, smaller CCs, and show slower interhemispheric transfer of information associated with a smaller CC (Wozniak and Muetzel, 2011) . Therefore, spatially congruent multisensory integration is expected to be impaired due to within hemisphere white matter abnormalities, whereas spatially incongruent (left side auditory, right side somatosensory stimulation) multisensory integration is expected to be impaired in patients with FASD due to impaired in callosal connectivity.
Using electroencephalography, Burden and colleagues (2009) found that individuals with FASD exhibited differences in amplitude at different time points of the evoked response, and slower latency during event-related potentials while taking part in a go/no-go response inhibition task. Similar results have been found in our laboratory, where individuals with FASD showed delayed auditory and visual peak latencies when compared to healthy controls (HC) Stephen et al., 2012) . Sensory neurophysiology in FASD has typically been examined using stimulus-evoked, event-related potentials/fields, but eventrelated neural oscillations, particularly in the gamma-band, also play a part in sensory processing, and multisensory integration (Uhlhaas et al., 2011) . Hence, using magnetoencephalography (MEG) to study neural oscillations in response to sensory stimuli will provide complementary, or new knowledge relative to that gained from stimulus-evoked, event-related potentials/field studies (Stam, 2010) .
Neural oscillations have been proposed as a mechanism to facilitate temporal synchrony between regions within cortical networks; they play a key role in feature binding and integrating information from multiple sensory modalities (Uhlhaas et al., 2011) . While the role of neural oscillations in brain function is still poorly understood, neural oscillations arise from gating of neuronal firing due to feedback mechanisms between excitatory and inhibitory neurons. Neural oscillations have been observed in response to multiple experimental manipulations with the first observation being the modulation of alpha oscillations by opening and closing the eyes (Berger, 1929) . More recently, increased gamma oscillations were observed during performance of a visual working memory task (Tallon-Baudry et al., 1998) . Subsequently, neural oscillations have been implicated in multisensory integration as a means to bind stimulus features from different sensory modalities (Engel et al., 2012) . For example, Romero and colleagues (2015) reported a suppression of beta band power in the multisensory McGurk illusion compared to congruent trials. In this illusion, when a participant is presented with an auditory verbal syllable (e.g., "ba, ba") and synchronously views dubbed visual speech of an incongruent syllable (e.g., "ga, ga"), it is perceived as a third syllable (e.g., "da, da"). To that extent, neural oscillations may work as a unit, or independent from one another. That is, Krebber and colleagues (2015) did not find effects of motion congruence in beta band, but they did find an increase in gamma-band power during congruent visuotactile motion compared to incongruent trials in healthy individuals. Furthermore, the generation of neural oscillations is regulated in part by GABA-regulated inhibitory interneurons as animal research has demonstrated (Hall et al., 2011) . In fact, PAE rats showed a loss of GABA A receptor-mediated long-term potentiation, which can result in an imbalance between excitatory and inhibitory synaptic transmission (Zucca and Valenzuela, 2010) . These imbalances in synaptic transmission can lead to the irregularities in neural oscillations found in studies like our own, which reported alterations in gamma-band oscillations in children with FASD compared to controls during a prosaccade task . When combined, the prior results provide evidence of deficits in neural oscillations, and a possible deficit in multisensory integration in individuals with FASD.
To investigate neural oscillatory activity related to multisensory processing in adolescents with FASD, we used MEG to assess multisensory event-related neural oscillations in individuals with FASD relative to age-and gender-matched HC. The multisensory paradigm was based on the design implemented by Murray and colleagues (2005) and included both unisensory (auditory and somatosensory) and multisensory conditions. Based on the role of neural oscillations in multisensory processing, we hypothesized that event-related gamma oscillatory activity (30 to 100 Hz), during multisensory stimulus presentation, would be reduced in adolescents with FASD compared to HC, and that neural oscillatory power in the FASD group would predict behavioral scores on neuropsychological tests.
MATERIALS AND METHODS

Participants
Forty-two participants gave written informed consent and participated in the current study. The research protocol was approved by the University of New Mexico Health Sciences Center Human Research Review Committee. Demographics of the groups are presented in Table 1 . Based on parental report, HC did not have prenatal exposure to alcohol or other substances; nor did they have histories of developmental delays or neurological/psychological problems and were not on current medications indicative of a neurological or psychiatric disorder (no antiseizure or psychotropic medications). Children with FASD were recruited after being classified within the FASD clinic run by Dr. Kodituwakku at the Center for Development and Disability at the University of New Mexico Health Sciences Center. FASD classification was provided based on consensus diagnosis by a neuropsychologist, psychologist, geneticist, and pediatrician. Based on the expertise of each clinician, the FASD clinic also rules out other developmental disorders inconsistent with FASD. Attention deficit hyperactivity disorder (ADHD) is often found to be comorbid with FASD and was not an exclusion criteria. A primary criterion for FASD classification was confirmed alcohol consumption during pregnancy. Participants were classified as having FASD using the Institute of Medicine criteria (Stratton et al., 1996) , which requires evidence of prenatal alcohol exposure in combination with cognitive/behavioral deficits in the child. Other genetic abnormalities were ruled out as a part of this screening. Alcohol consumption during pregnancy was determined based on 1 of the following 3 cases: (i) through direct confirmation by maternal interview, (ii) multiple eyewitness reports of maternal drinking during pregnancy, or (iii) legal records confirming alcohol consumption during pregnancy (e.g., DWI arrest). As part of the study, participants underwent a battery of neuropsychological tests to measure neurocognitive impairments, including the IntraExtradimensional Set Shift Task (IED) and the Cambridge Gambling Task (CGT).
Procedures
Data for this study were collected as part of a larger, multimodal neuroimaging study (see Coffman et al., 2013; Stephen et al., 2013) . Participants' brain responses were recorded using MEG during passive auditory and somatosensory stimulation. Unisensory and simultaneous, spatially congruent or incongruent multisensory stimuli were randomly presented (Murray et al., 2005) while participants sat within the MEG and watched a silent cartoon of their choice, that was unrelated to the stimuli presented, to retain attention at a fixed point (Foxe et al., 2000; Russo et al., 2010; Tajadura-Jim enez et al., 2009 ). The auditory stimuli consisted of a 1,000-Hz tone presented for 200 ms through ear inserts to the left and right ears, with volume adjusted to 72 dB above the participants' individually determined hearing threshold. Tactile pressure stimuli (40 psi) were delivered to the palmar aspect of the distal extremity of the left and right index finger via a pneumatic stimulator. All stimuli were presented unilaterally. No response was required from the participants. The stimuli presented to the participants included 8 conditions: unilateral left and right auditory (LA and RA), unilateral left and right somatosensory (LS and RS), congruent auditory/somatosensory stimuli (LA/LS and RA/RS), and incongruent auditory/somatosensory stimuli (LA/RS and RA/LS).
MEG Data Collection
MEG data were collected in a magnetically shielded room (Vacuumschmelze-Ak3B; Hanau, Germany) at the Mind Research Network in Albuquerque, New Mexico, using a 306-channel (204 planar gradiometers arranged in orthogonal pairs and 102 magnetometers), whole-head MEG system (Elekta Neuromag; Stockholm, Sweden). Prior to data acquisition, 4 electromagnetic coils were placed on the participants' left and right mastoid bone and forehead. The location of these coils was registered to the head shape/size and to the position of the nasion and preauricular points using 3D digitization equipment (Fast Trak; Polhemus, Colchester, VT). Electrooculogram electrodes were placed at vertical locations, above and below the left eye, and at horizontal locations, lateral to the outer canthi, to monitor eye-blinks and eye movement. Electrocardiogram electrodes were placed below the left and right clavicle to monitor heartbeat. Participants sat upright in the MEG during the task and were monitored by an audio and video link between the magnetically shielded room and control room. MEG data were collected at 1,000 Hz with an online 0.01-to 300-Hz band-pass filter while head position was tracked continuously throughout data collection using the head position indicator coils. Signal-to-noise ratio was estimated from the evoked response data to confirm equivalence in response across group and was computed by dividing the peak amplitude in the poststimulus-evoked responses (30 to 350 ms) by the standard deviation of the prestimulus (À100 to 0 ms relative to stimulus onset) amplitude across MEG sensors for each stimulus condition.
The MEG time-frequency analysis approach followed the methods applied in our previous study (Stone et al., 2014) . Sensor data were corrected for head motion, and artifact removal was performed using the temporal Signal Space Separation algorithm (correlation value of 0.99) using the Neuromag Maxfilter software (Taulu and Hari, 2009; Taulu and Kajola, 2005) . Furthermore, all data sets were registered to 1 default head position using Maxfilter to allow for direct comparisons of oscillatory power at the sensor level. The default head position was chosen based on the mean head position across the 42 participants in this study. Signal space Participants were classified as having FASD using the Institute of Medicine criteria (Stratton et al., 1996) . b HC participants did not have prenatal exposure to alcohol or other substances; nor did they have histories of developmental delays or neurological/psychological problems.
projection was used to remove heartbeat and eye blink artifacts. Following preprocessing, time-frequency analysis was performed on all participants' data for the 8 conditions using custom MATLAB scripts in combination with the FieldTrip analysis package (MathWorks, Natick, MA; Oostenveld et al., 2011) . Time-frequency estimates were obtained using Morlet wavelets (width = 7 cycles) applied to each MEG gradiometer channel. Only the gradiometer sensor data were analyzed as these measurements are most sensitive to local activity directly beneath the sensor (H€ am€ al€ ainen et al., 1993). After time-frequency analysis, data from the 2 paired planar gradiometers were combined using the combine_grads function available in Fieldtrip. The time range of the analysis was (À500, 500 ms) with zero representing the onset of the stimulus. The frequency range was 7 to 100 Hz, in 1-Hz steps. Finally, changes in oscillatory power in response to the sensory stimuli were measured in terms of power (dB) relative to baseline (À500 ms), before the presentation of the stimulus (0 ms).
Statistical Analysis
A t-test at each time and frequency point between the FASD group and control group was conducted with the following parameters: time range 50 to 300 ms after the presentation of stimuli, frequency range 7 to 100 Hz, and each data point had a significance threshold of p = 0.05. Clusters of contiguous significant differences were created when a minimum span of 3 MEG channels, 5 Hz, and 30 ms was met. To limit type 1 errors associated with multiple comparisons, we performed permutation testing (repeated analyses with random shuffling of patient and HC) of each sensor-time-frequency cluster to determine whether the group differences were statistically unlikely to be observed by chance (cluster-level p < 0.05). For these tests, data from participants were randomly re-assigned to either group while maintaining the number of patients and HC constant (shuffling). We applied t-tests to each data point in each sensortime-frequency cluster using the newly re-assigned groups, and t-statistics were calculated and summed for each cluster. Group permutations were performed 500 times for each cluster. When the summed t-statistic of a cluster for permuted data exceeded the summed t-statistic calculated from the observed data in more than 5% of the permutations, the cluster was rejected as not significantly different by group and was excluded from further analysis.
One-sample t-tests were also conducted within each group to determine whether a significant increase or decrease in power was observed relative to baseline power in each sensor-time-frequency cluster in which group differences were detected. Each 1-sample t-test result was corrected for multiple comparisons using false discovery rate correction with q = 0.05 (Benjamini and Hochberg, 1995) . Significant clusters that are reported correspond to the clusters that survived the permutation testing of significant group differences, as well as overlapping with the significant withingroup change in oscillatory power relative to baseline based on the 1-sample t-test in either the FASD or HC group separately.
Finally, a correlation analysis was performed across each score of the neuropsychological test and the average oscillatory power of each sensor within significant clusters. A significant threshold of p < 0.05 was used to determine a significant relationship between test performance and average oscillatory power. Linear regression was performed on only the significant relationships to determine whether average oscillatory power within each group predicted behavioral performance. A similar approach was used to determine whether average oscillatory power in unisensory conditions predicted oscillatory power in multisensory conditions. Correction for multiple comparisons by Benjamini and Hochberg false discovery rate technique was conducted as appropriate for regression results. Age was included as a covariate for the regression analyses.
RESULTS
There were no significant differences in age (t (40) = 0.911, p = 0.368) or gender (v 2 = 0.625, and p = 0.429) between HC and individuals with FASD (Table 1) . As expected, there was a significant group difference in IQ score (t (38) = 5.850, p < 0.001). IQ differences represent a fundamental feature of FASD, which limits our ability to covary for IQ without potentially eliminating group differences associated with PAE. The FASD group consisted of children with the following diagnoses: 45% alcohol-related neurodevelopmental disorder (ARND), 45% fetal alcohol syndrome (FAS), and 10% partial FAS.
The averaged evoked responses, obtained from parallel work in our laboratory, provided robust signal in response to auditory, somatosensory, and multisensory conditions as shown in Fig. 1 . The signal-to-noise ratio derived from the evoked responses between the FASD and HC group was not significantly different by group when a between samples t-test was conducted (Table 2) . Consistent with the high signal-tonoise ratio shown in Fig. 1 , the time-frequency plots located over sensory regions also showed the expected large amplitude low-frequency response associated with the evoked response (red hotspots starting at~50 ms poststimulus centered at~10 Hz).
Permutation testing revealed channel-time-frequency clusters of significant group differences in gamma and beta band power (Tables 3 and 4 ; Figs 2 and 3). Only the clusters that overlapped with a significant within-group difference relative to baseline are reported (1-sample t-test of time-frequency maps revealed a significant difference from baseline in either the FASD or HC group). Significant group differences in oscillatory power were detected in all 8 conditions (RA, LA, RS, LS, RA/RS, RA/LS, LA/RS, and LA/LS). Specifically, reduced gamma power was observed in 5 conditions for the individuals with FASD compared to HC (RA, RS, LS, RA/RS, and RA/LS), predominantly in sensors over the right hemisphere (Fig. 2) . In contrast, all significant clusters in the LA/RS condition showed greater gamma power for the FASD group compared to the HC group in sensors over the left hemisphere (Fig. 2) . The FASD group also had greater beta power compared to the control group for 1 cluster in condition RA/RS in sensors over the left frontal region and for all clusters in 2 conditions (LA and LA/LS) in sensors predominantly over the central region (Fig. 2) . Furthermore, there was no simple overlap between group differences obtained from unisensory conditions versus multisensory conditions; that is, differences in neural oscillations in multisensory conditions were either spatially or temporally different than unisensory group differences in all cases. However, regression analyses of unisensory evoked averaged oscillatory power and multisensory evoked averaged oscillatory power revealed that unisensory averaged oscillatory power predicted multisensory averaged oscillatory power in the FASD group more often than the HC group (Table 5) . Example time-frequency maps of the group differences in the clusters presented in Fig. 2 are shown in Fig. 3 (time-frequency maps for each condition can be found in the Supporting Information).
Regression analyses revealed an association between taskrelated cortical oscillations and behavioral performance in both groups. Average gamma oscillatory power in cluster 5 (RA/RS5) for multisensory condition RA/RS predicted the total number of errors on the IED task for the HC group (Table 6 ), while average beta oscillatory power in cluster 2 (LA/LS2) for multisensory condition LA/LS predicted the response latency on the IED set shift task for the FASD group (Table 6) . Furthermore, increased beta oscillatory power in clusters 1 and 2 (LA/LS1, LA/LS2) for multisensory condition LA/LS predicted an increase in the impulsivity index score on the CGT for the HC group only (Table 7) .
DISCUSSION
Our results indicate that adolescents with FASD have altered neural oscillations compared to HC; the FASD group exhibited alterations in oscillatory power relative to controls for all 4 unisensory and all 4 multisensory conditions suggesting a broad deficit in sensory processing. Unisensory oscillatory power predicted multisensory oscillatory power for only 1 cluster in HC, but the multisensory oscillatory power was predicted by unisensory power in multiple instances for the FASD group. Specifically, neural oscillations that were different from controls in response to unisensory stimuli predicted neural oscillatory group differences in response to multisensory stimuli in the FASD group. Neural oscillatory power also predicted behavioral performance, alluding to the role of neural oscillations in driving behavior. These results generally support our hypothesis, that individuals with FASD would exhibit decreased gamma oscillatory activity in response to multisensory stimuli compared to controls, and that these alterations would reveal behavioral deficits.
Significant unisensory clusters (Fig. 2) revealing group differences were primarily located in posterior sensors whereas significant group differences in multisensory clusters were primarily located toward the anterior and central sensors. Historically, multisensory integration was assumed to occur in higher order areas (parietal and frontal locations); recently, multisensory integration has been found to occur in lower level sensory areas (L€ utkenh€ oner et al., 2002; Schroeder and Foxe, 2005) . The current results suggest that while sensory deficits occur, frontal deficits may be specifically impacting multisensory responses in FASD. This is consistent with previous findings in FASD suggesting that executive functioning which originates in frontal cortex is a core deficit defining this disorder (Astley et al., 2009; Malisza et al., 2005) and may play a role in altered sensory processing.
While group differences in neural oscillations were observed for both the congruent (e.g., RA/RS) and incongruent (RA/LS) multisensory conditions, the FASD group showed a larger number of clusters with decreased gamma oscillatory activity in the incongruent conditions compared to congruent conditions. Furthermore, group differences in unisensory clusters only predicted gamma power for incongruent conditions. Apart from 1 cluster, the unisensory to Signal-to-noise ratio for all 8 conditions is listed. Group mean and standard deviation (SD) is also reported. Test statistics for a between samples t-test of the groups' average signal-to-noise ratio in each condition is also reported, as well as the degrees of freedom (df) and the respective p-value. Significant difference in oscillatory power, for unisensory conditions, between HC and FASD group. The unisensory condition is listed in the first column followed by the corresponding cluster number within that condition. The sensor region corresponds to the location of the sensors relative to the head within the MEG; R-right, L-left, F-frontal, C-central, O-occipital. The frequency range in Hz of the significant cluster, time range in ms, directionality of the group difference, and the corresponding frequency band are also presented in the table.
multisensory predictors only occurred for the FASD group. This is consistent with our hypothesis that incongruent conditions would be affected more than congruent conditions due to the robust deficits in callosal connectivity in FASD (Wozniak and Muetzel, 2011) . However, the differences in the incongruent condition were not symmetric with more group differences in the RA/LS condition than in the LA/RS condition. Furthermore, the pattern was reversed such that gamma power was reduced in FASD relative to HC for RA/ LS whereas the opposite was true for the LA/RS condition. Lateralized effects have been reported in FASD (Green et al., 2013; Stephen et al., 2013) implicating right hemisphere, but other results are mixed suggesting these results may be specific to particular brain functions. Interestingly, multisensory integration appears to have right hemisphere dominance in HC (Vercillo and Gori, 2015) . Even more intriguing, the differences in gamma-band (RA/LS) are primarily located in right hemisphere and may indicate a lateralized multisensory effect on the group differences in FASD relative to HC.
Alterations in neural oscillations in our group of adolescents with FASD are not unique to this neurodevelopmental disorder. For example, individuals with ADHD showed weaker gamma activity relative to HC while taking part in a time-interval discrimination task (Wilson et al., 2013) . Alterations in gamma oscillations have also been reported in individuals with autism spectrum disorders with a reduction in gamma-band activity compared to controls across different measures (Rojas and Wilson, 2014) . Our previous studies have reported similar results when looking at gamma-band oscillations in individuals with FASD and schizophrenia Stone et al., 2014) . Our results are consistent with these recent studies across multiple disorders indicating that neural oscillations are integral to proper brain functioning.
Clusters of neural oscillatory differences also predicted performance on both neuropsychological tests examined. An increase in beta band power for the FASD group in the LA/ LS2 cluster located over the right frontal regions predicted increased latency for the IED task; in other words, an increase in beta oscillatory power is associated with a slower response time (Table 6 ). In contrast, for the HC group, an increase in gamma oscillatory power in the RA/RS5 cluster located over the anterior frontal regions is associated with fewer errors on the IED task (Table 6 ). The location of the 2 predictor clusters over the frontal cortex is not surprising given the role frontal cortex plays in attention (Chayer and Freedman, 2001) and may indicate that beta and gamma oscillations play opposing roles in attention (Fries et al., 2001; Jensen et al., 2007) . Gamma oscillatory activity has been associated with attention in both sensory and nonsensory areas (Jensen et al., 2007) . Also, an increase in beta oscillatory power in HC predicted higher impulsivity scores on the CGT, providing further evidence that increased beta oscillatory power is associated with poorer outcomes. These results are consistent with past studies indicating that beta band activity plays a critical role in behavioral performance (Engel and Fries, 2010; Lu et al., 2017; Stoll et al., 2016) .
The association between oscillatory activity and behavioral deficits may provide a potential underlying mechanism to explain the array of cognitive problems experienced by individuals with FASD. The ability to integrate multiple sensory inputs and the ability to differentiate congruent or incongruent multisensory stimuli are important to navigate environments efficiently and effectively (Murray and Spierer, 2011; Murray et al., 2005) . Neural oscillations are a key component of local processing (gamma-band oscillations) as well as coordinating activity across broader cortical networks (frontoparietal alpha oscillations) (Bas ßar and G€ untekin, 2008) . The results reported here may indicate a broader deficit in neural oscillations in FASD, which in turn may drive cognitive deficits in adolescents with FASD.
This study is not without limitations, which may indicate directions of future research. First, we integrated all Fig. 2 . Cluster location of oscillatory activity power differences between groups. These maps include clusters that where significantly different for all conditions. Each dot represents 1 sensor in the MEG. Each gray blob represents 1 cluster with the represented condition labeled within the blob as well as the corresponding cluster within that condition.
subcategories of FASD into 1 group, instead of comparing each category, for example, FAS versus ARND, due to the limited sample size for subgroup comparisons. As the former was implemented, we could not adequately match IQ between the study groups. We are aware that IQ covaries with other cognitive measures; however, we did not control for IQ because cognitive impairment is an inherent feature of the FASD diagnosis (required to be impaired in at least 1 cognitive domain) and 1 goal of the current project was to determine whether neural oscillations were related to behavioral outcome measures. Second, we also do not have information on additional risk factors such as prematurity, trauma and socioeconomic status, which may also contribute to the current results. Third, we did not perform source analysis on the time-frequency clusters, but instead relied on the planar gradiometers as an approximation to source Fig. 3 . Time-frequency maps of oscillatory power differences between groups. Time-frequency maps of changes in oscillatory power relative to baseline for sample clusters showing significant group differences for multisensory conditions. Each map represents the activity of 1 sensor within the cluster of sensors. The gradient of color represents the change in power relative to baseline for the corresponding time and frequency. The black outline within the maps denotes the time and frequency window with a significant difference between the FASD and HC groups. Unisensory group differences in average oscillatory power as predictors of multisensory group differences in average oscillatory power. Linear regression for each pair (predictor and outcome) was used to determine whether there was a significant relationship between the 2 conditions. Analyses were only performed on clusters for which the 1-sample t-test confirmed a significant difference from baseline within the group difference cluster. localization as the signal originates directly below the maximal sensor. Future source-based analysis will allow us to perform connectivity analysis associated with multisensory processing. Fourth, the nonlinear transformation of the Morlet wavelet does not allow for a comparison of the summed unisensory responses relative to the multisensory response, a method used by standard sensor-based multisensory studies of averaged evoked responses (Senkowski et al., 2007) . Instead, we used regression analyses to evaluate if unisensory oscillatory activity was predictive of multisensory oscillatory activity. Finally, while age was not statistically different by group, the impact of age on neural oscillations is still poorly understood. Prior studies indicate that during rest the relative power of low-frequency oscillations is greater in infants relative to high-frequency oscillations whereas highfrequency oscillations become more prominent with increasing age demonstrating that the role of neural oscillations changes across development (Clarke et al., 2001) . Few studies (Doesburg et al., 2016; Vanvooren et al., 2015) have examined the change in neural oscillations across the adolescent age range, although reliable differences between children and adults are seen. Therefore, it is important for future studies to examine not only group differences in neural oscillations, but also to examine age effects to better understand their role in brain development.
These results increase our knowledge about the differences in oscillatory power during sensory processing in adolescents with FASD relative to HC and the possible role neural oscillations may play in behavioral performance. We further posit that sensory measures are relevant to better understand the deficits of FASD and to aid in the diagnosis of FASD. Sensory development occurs earlier than cognitive development, potentially allowing us to identify FASD in younger individuals who have not yet acquired speech, or executive function abilities. Further investigation is required to conclude if there are other sensory modality deficits in individuals with FASD, but future research should examine whether alterations in sensory processing limit downstream cognitive performance and behavior for these individuals. If such is the case, then it may be beneficial to implement a sensory/multisensory training paradigm as an additional intervention tool for cognitive impairment in FASD. Linear regression revealed that average oscillatory power in multisensory conditions predicted behavioral performance on the IED for both groups. A negative correlation with IED total errors implies that increased oscillatory average power was associated with lower number of errors. A positive correlation with latency implies that an increase in average oscillatory power was associated with slower response times. Linear regression revealed oscillatory average power in multisensory conditions as predicting the impulsivity index scores in the CGT for only the HC group. A positive correlation with impulsivity index indicates that a decrease in average oscillatory power was associated with increased impulsivity.
